Human health effects have resulted from the inhalation of ambient acidic aerosols, and there is suggestive evidence that current North American levels of exposure are producing excesses in respiratory morbidity. Annual mean mortality rates have been correlated with ambient aerosol concentration indices, with SO42-, FP, IP, and TSP having a descending order as predictive coefficients. These pollutant indices also contain H+ in descending mass ratios, and may all be surrogates for H+ as an active agent. Controlled exposure studies in humans and animals provide evidence that acidic aerosols produce greater changes in respiratory mechanical function and rates of particle clearance than other constituents of ambient particulate matter.
Introduction
Session 1 of this Conference was designed to address the question of whether there are human health effects from the inhalation of pollutants associated with acid precipitation. The authors presented excellent reviews in their assigned topics, including much new and important information. The session ended with a comprehensive review by Hackney, which relieves me of the need to present a summary of current knowledge on the topics that he covered. Still, it is clear that we cannot adequately describe the nature and extent of the effects of the inhalation of acidic pollutants on human health at this time. We just don't know enough about either population exposures or exposure-response relationships to make a satisfactory risk assessment.
We do, however, know a great deal about some aspects of the problem and can describe the critical data gaps on others. Thus, the Proceedings of this Conference can be of great value to NIEHS, EPA, DOE, EPRI and other research sponsors with programmatic interests in this potentially important problem. I will, therefore, rephrase the basic question into a series of more clearly defined critical issues, and attempt to summarize our current knowledge in each. I will draw extensively *Institute of Environmental Medicine, New York University Medical Center, New York, NY 10016.
on the papers presented in Session 1, and use other available information to help complete the overall assessment.
The discussion will focus primarily on acidic aerosols for several reasons. One is that their role in air pollution health effects has not been well understood or systematically discussed in the past in comparison to acidic vapors such as SO2 and NO2. Another is that acidic aerosols may have played a much more important role in producing effects than the pollutant vapors. Finally, as secondary pollutants, acidic aerosols may be affecting a larger percentage of the population than acidic vapors, which are primary pollutants.
While acidic aerosols will be the primary focus, I will also be discussing some actual or potential health effects associated with exposures to acidic vapors. One reason is that studies on vapors demonstrate mechanisms of biological response which help us understand the effects of the aerosols. Another is that the health effects of interest may require concurrent exposure to both aerosols and vapors, or that one pollutant may potentiate the effects of the other.
The specific questions that I will address in this paper Figure 1 , the patients, residences were concentrated within 5 km of a titanium dioxide plant with a 14-m stack which emitted from 100 to 300 tons/month of H2SO4 in the period 1961 to 1967. The average concentration of SO3 in February 1965 in Isozu, a village 1 to 2 km south of the plant, was 130 ,ug/m3, equivalent to 159 ,ug/m3 of H2SO4. Kitagawa estimated that the peak concentrations might be up to 100 times as high with a north wind. Electrostatic precipitators were installed to control aerosol emissions in 1967, and after 1968 the number of newly found patients with "allergic asthmatic bronchitis" gradually decreased. Kitagawa's quantitative estimates of exposure of H2SO4 and the criteria used to describe cases of respiratory disease may well differ from current U.S. methods. The unique aspect of this report is the clear identification of H2SO4 as the causal agent for an excess in morbidity, and the absence of likely confounding pollutant factors.
Other evidence of links between high concentration of ambient sulfuric acid and human health effects is more circumstantial. Sulfuric acid concentrations in the ambient air were certainly much higher than current levels during the classic episodes in London, Meuse Valley, and Donora, but so were many other pollutants. Similarly, the decline in the prevalence of chronic bronchitis among nonsmokers in the U.K. over the past three decades could have been due to the decline in any of several pollutants. However, on mechanistic grounds, sulfuric acid is a more plausible candidate than SO2, carbonaceous particles, and other constituents of the London atmospheres of earlier times as the causal agent for the well documented excesses in mortality and morbidity. In Session 1, Schlesinger presented evidence linking In the second study relevant to this discussion, Schenker et al. (4) studied the influence of coal combustion effluents on a downwind rural population in the Chestnut Ridge area of Western Pennsylvania. Questionnaires were administered to 5557 adult women, and they were assigned exposures on the basis of their proximity to the nearest three of the seventeen air monitoring sites in the region at which routine measurements were made of SO2 and TSP. Over the 4-year study, the 1420 women in the high exposure area had 24 hr and annual average SO2 exposures that were either at or above the current NAAQS values. For 3222 women in the medium exposure group, the SO2 exposures were below the NAAQS. The 24-hr particulate concentrations were almost all below the NAAQS, and were influenced by nonpower plant sources. The highest annual average total suspended particulate (TSP) was 90 ,ug/ m3. The concentrations of NO2 were highly correlated with those of SO2.
As a risk factor, SO2 was associated with "wheeze most days or nights" in nonsmokers, with the relative risks of residents of low, medium and high SO2 areas being 1:1.26:1.58, respectively (p = 0.02). The relative risks for those living in the same areas for at least five years were 1:1.40:1.95, respectively (p -0.01). For grade 3 dyspnea among long-term resident nonsmokers, the relative risk for elevated SO2 was 1.23, with a confidence limit of 0.98 to 1.54 (p = 0.11).
Thus, SO2 concentrations at and below the NAAQS appear to be associated with increased wheeze in nonsmokers, with greater risks associated with long-term (> 5 yr) exposure. This represents the first association of a chronic health effect with SO2 at levels near the current NAAQS where the influence of black smoke or TSP did not appear to be a major confounding factor. While it is possible that SO2 was the causal factor for the excess in wheeze, it appears more plausible that the causal factor was an associated, but not measured, pollutant. The primary effluent from the power plant stacks includes a submicrometer-sized condensation aerosol containing sulfuric acid, as well as SO2. It is much more plausible to associate the small airway narrowing associated with wheeze with submicrometer acidic aerosol which deposits primarily in small airways, as discussed in Session 1 by Martonen, than with a relatively low concentration of an upper respiratory irritant such as So2.
In the report in Session 1 Some recent animal inhalation studies by Amdur (9) are of interest to this discussion because they demonstrate that effects produced by single exposures at very low acid concentrations can be persistent. She exposed guinea pigs by inhalation for 3 hr to the diluted effluent from a furnace which simulates a model coal combuster. Pulverized coal yields large particle mineral ash particles and an ultrafine (< 0.1 pRm) condensation aerosol.
The core of the ultrafine particles consists of oxides of Fe, Ca, and Mg, covered by a layer containing Na, As, Sb, and Zn. The Zn is important because it generally has the highest concentration on the surface. As the particles cool further, there is surface formation and/or condensation of a layer of H2SO4. In Amdur's initial experiments, the model aerosol was a mixture containing SO2, ZnO and water vapor. Figure 2 shows the results of a single 3-hr exposure to a mixture containing 1 ppm SO2 and 5 mg/m3 ZnO passed through a humid furnace. The amount of sulfuric acid on the surface of the ZnO particles was less than 40 ,ug/m3. In control studies, neither 1 ppm of SO2 nor 5 mg/m3 of ZnO alone produced any significant responses. There were also no significant responses to the mixture in the absence of water vapor and passage through the furnace. However, the humid mixture, passed through the furnace where it acquired a surface coating of H2SO4, produced significant decrements of total lung capacity (TLC), vi As discussed by Schlesinger in Session 1, single brief exposures to acidic aerosols can either accelerate or retard mucociliary particle clearance, depending upon the dose distribution along the airways. As dose increases, mucus transport increases, reaches a maximal level, and then decreases. The effects, which are similar in humans and animals, are transient. In the rabbit, a single 1-hr exposure to submicrometer-sized H2SO4 at 1 mg/m3, an exposure that produces a retardation in tracheobroncial mucociliary particle clearance, produces an increase in alveolar particle clearance during the first 2 weeks after exposure. Whether higher concentrations or longer times would produce a decrease in early alveolar clearance is not known at this time.
The effects on mucociliary clearance appear to be related to the pattern of H+ deposition on the airways. For 1-hr exposures to submicrometer-sized H2SO4 in humans, there is no effect on tracheal transport. This should not be surprising, since there is virtually no acid deposited within the trachea. There is an acceleration of mucus transport in intermediate bronchi in which acid deposition is relatively low. Finally, there is a retardation in mucociliary clearance from the smaller conductive airways, where there is relatively more depo- The effects of H2SO4 on mucociliary clearance in asthmatics were similar to those seen in healthy nonsmokers, but the asthmatics had slower baseline clearance and also had effects on their respiratory function not seen in the healthy nonsmokers (10 The significance of the changes in particle clearance rate in the lungs from repetitive daily exposures to acidic aerosols, in terms of the pathogenesis of chronic respiratory disease, is not yet clear. However, the close correspondence between the effects of cigarette smoke and sulfuric acid aerosol on mucociliary clearance following both short-term and long-term exposures, the similarities in the epithelial changes following repetitive sulfuric acid inhalation in rabbits to those seen in the lungs of young smokers in post-mortem examinations, and the well established role of smoking in the etiology of chronic bronchitis combine to suggest that chronic bronchitis could result from long-term repetitive exposures to sulfuric acid (11) . The fact that the incidence of chronic bronchitis among nonsmokers was higher in the U.K. when ambient acid aerosol concentrations were high lends further plausibility to a causal relationship.
While there is plausibility for an association between chronic exposure to ambient acidic aerosols and chronic bronchitis, much more evidence is needed to demonstrate a clear causal relationship. Furthermore, even if one does exist, it may require higher levels of exposure than those currently occurring in North America. In any case, the widespread nature of exposures from fossil fuel combustion sources and the appreciable incidence of bronchitis among nonsmokers makes it important to study the possibilities. 
Summary and Conclusions
The ten specific questions posed in the Introduction are restated in Table 2 , along with summaries of my best attempts to answer them. Human health effects can result from the inhalation of ambient aerosols containing strong acids, and may be occurring at current peak ambient levels. The health effects seen from ambient exposures in recent population based studies, such as wheeze and hospital admissions for asthma, are consistent with the airway changes in animals seen after repetitive low-level exposures to H2S04 and the bronchoconstrictive responses seen in human inhalation studies in asthmatics. However, the absence of direct measurement data on acidic aerosols in these studies, and their reliance on surrogate pollutant indices such as S02 and S042, prevents us from making any firm conclusions about the health effects of acidic aerosols at this time. The most critical knowledge gap is in the area of human exposure to acidic aerosols. The general lack of such data limits the value of population based exposure-response studies, and makes it impossible to perform a realistic risk assessment.
